Objective To determine the effect of remote ischemic preconditioning (RIPC) on dynamic cerebral autoregulation (dCA) and various blood biomarkers in healthy adults.
Remote ischemic preconditioning (RIPC), defined as brief transient episodes of ischemia/reperfusion applied in distant tissues or organs, renders remote tissues and organs resistant to a subsequent prolonged ischemia insult. 1 Studies of cardiovascular diseases have repeatedly shown that RIPC could significantly reduce infarct size after myocardial ischemia in both animals and human patients. [1] [2] [3] [4] Recently, several animal and clinical studies demonstrated a similar beneficial role of RIPC during cerebral ischemia/reperfusion injury and cerebral small vessel disease. [5] [6] [7] [8] [9] [10] It has been shown that RIPC activates both neuronal signals and humoral factors to confer its protective effects on remote tissues and organs, 1 but the underlying mechanisms, especially in the brain, remain unclear.
Dynamic cerebral autoregulation (dCA) is a unique function of the cerebrovasculature and is critical to the regulation of cerebral hemodynamics. 11 dCA predicts the occurrence and prognosis of cerebrovascular disease in the clinic. 12 Previous studies showed that RIPC can regulate several blood biomarkers such as adenosine, 13 bradykinin, 1 and nitric oxide or nitrite. 14 Several of these biomarkers are vasoactive, so they may affect dCA. 15, 16 Nevertheless, it remains unknown whether RIPC can regulate dCA in humans. Moreover, recent studies have shown that RIPC may have neuroprotective and inflammation regulatory functions in animal models. 9, 17, 18 However, whether neuroprotective and inflammation-related blood biomarkers are regulated by RIPC in humans is unknown.
In the present study, we hypothesize that RIPC improves dCA and affects neuroprotective and inflammation-related blood biomarkers, and we test this using the following approaches. First, we continuously monitored the changes of dCA in healthy adults at 7 time points (baseline and 1, 3, 6, 9, 12, and 24 hours after RIPC). Second, we assessed the effect of RIPC on 30 biomarkers in venous blood, including 5 neuroprotective factors and 25 inflammation-related biomarkers. We demonstrated that RIPC can persistently improve dCA and differentially regulate a series of neuroprotective and inflammation-related biomarkers in the blood.
Methods
Standard protocol approvals, registrations, and patient consents This prospective study was approved by the ethics committee of the First Hospital of Jilin University. Written informed consent was obtained from all participants. The participants had the right to withdraw at any time point during the procedure. This trial is registered at ClinicalTrials.gov (NCT02965547).
Participants
Fifty healthy adult volunteers (age 18-70 years, men and women, Asian) were included in the present study from January 2017 to July 2017. The exclusion criteria included (1) currently experiencing or having a history of chronic physical or mental diseases (including generalized anxiety disorder, depression, insomnia, hypertension, diabetes mellitus and chronic heart disease), (2) having an infectious disease in the past month, (3) being pregnant or lactating (women), (4) smoking or heavy drinking (formerly or currently), and (5) being unable to cooperate sufficiently to complete the dCA examination. Each participant received a comprehensive physical examination by a physician to exclude potential disease before inclusion in the study.
Study design
Each participant received two 24-hour monitoring sessions. The first 24-hour session was defined as the control day, and the second 24-hour session was the RIPC day. The control day and the RIPC day were consecutive days (control day: day 1 and 2; RIPC day: day 3 and 4). Serial measurements of dCA were performed at 7 time points on both the control day and the RIPC day. On the control day, the 7 time points were 7, 9, and 11 AM; 2, 5, and 8 PM; and 8 AM on the next day. On the RIPC day, the RIPC was carried out at 7:20 to 8 AM, and the 7 time points were 7 (baseline), 9 (1 hour after RIPC), and 11 (3 hours after RIPC) AM; 2 (6 hours after RIPC), 5 (9 hours after RIPC), and 8 PM (12 hours after RIPC); and 8 AM on the next day (24 hours after RIPC, figure 1A ). Blood samples were collected from the cubital vein of each participant before and 1 hour after RIPC intervention for further quantitative protein chip testing.
Intervention
The RIPC was performed by an automatic device (BB-RIC-D1/LAPUL Medical Devices Co, Ltd, China). The whole intervention process consisted of 4 cycles of extremity ischemia: 5 minutes of blood pressure cuff inflation to 200 mm Hg, followed by 5 minutes of cuff deflation; the whole process took 40 minutes. Tourniquets were applied to 1 upper arm and 1 thigh. This intervention was undertaken only once in each participant. Measurement of arterial blood pressure Glossary ABP = arterial blood pressure; BDNF = brain-derived neurotrophic factor; CBFV = cerebral blood flow velocity; dCA = dynamic cerebral autoregulation; EOT = eotaxin; GDNF = glial cell line-derived neurotrophic factor; IL = interleukin; LIF = leukemia inhibitory factor; MCP-1 = monocyte chemotactic protein 1; MMP = matrix metalloproteinase; PD = phase difference; RIPC = remote ischemic preconditioning; TFA = transfer function analysis; TGF-β1 = transforming growth factor-β1; TIMP-1 = tissue inhibitor of metalloproteinases-1; TNF-α = tumor necrosis factor-α; VEGF-A = vascular endothelial growth factor-A.
(ABP) was performed in the brachial artery by an automatic blood pressure monitor (Omron 711, Tokyo, Japan) immediately after RIPC.
dCA measurement and data analysis All dCA measurements were performed in a specific, quiet examination room with a controlled temperature of 20°C to 24°C to minimize confounding stimuli. Participants were asked to adopt a relaxed supine position for 10 minutes, and ABP was measured at the brachial artery by an automatic blood pressure monitor (Omron 711). Continuous ABP was measured noninvasively with a servo-controlled plethysmograph (Finometer model 1, FMS, Rotterdam, the Netherlands) on the middle finger. Two 2-MHz transcranial Doppler probes (MultiDop X2, DWL, Sipplingen, Germany) were used to simultaneously measure continuous cerebral blood flow velocity (CBFV) in the left and right middle cerebral arteries at a depth of 45 to 60 mm. The probes were placed over temporal windows and fixed with a customized head frame. CBFV and continuous ABP were recorded simultaneously from each participant in the supine position for 10 minutes. All data were stored for offline assessment and analysis.
Continuous recordings of ABP and CBFV were processed by MATLAB (MathWorks, Inc, Natick, MA) using scripts developed by the research team. The ABP and CBFV signals in each participant were aligned by a cross-correlation function. The resultant signals were then down-sampled to 1 Hz after application of an antialias filter with a cutoff frequency at 0.5 Hz. The dynamic relationship between ABP and CBFV was assessed by transfer function analysis (TFA) 19 with an algorithm used in previous studies. 20 TFA was thus calculated in the frequency domain as the quotient of the cross-spectrum of the 2 signals and the autospectrum of ABP. Phase difference (PD), gain, and coherence function within a low-frequency range, 0.06 to 0.12 Hz, were then derived from TFA to evaluate dCA. A low value of PD indicated that CBFV followed the changes of ABP passively, whereas a high value of PD suggested that CBFV was actively regulated to counteract the fluctuations of ABP. Because estimates of TFA are unreliable when coherence between the signals is low, recordings with low coherence between ABP and CBFV (≤0. 40) were not included in the later statistical analysis.
Blood samples and quantitative protein chip testing Blood samples were collected from the cubital vein of each participant before and 1 hour after RIPC. The volume of each sample was ≈6 mL. All blood samples were centrifuged, and the supernatant was stored in separate vials at −80°C for batch serum analysis. according to the manufacturer's instructions. Briefly, monoclonal antibodies against various proteins were printed on the slides as bait to capture the corresponding proteins in serum, incubated with a mixture of biotinylated secondary antibodies, and then detected with Cy3-labeled streptavidin. Each analyte was assayed in quadruplicate. The slides were then scanned with a Mapix scanner (InnoScan 300 Microarray Scanner, Innopsys, France) and further processed by the Mapix software. In the array, positive control spots composed of standardized amounts of biotinylated immunoglobulin G were printed directly onto the array. All other variables being equal, the positive control intensities should be the same for each subarray. This allows for normalization of results from different subarrays (or samples). The array also included negative control spots consisting of buffer alone (used to dilute antibodies printed on the array).
Because several previous studies showed that RIPC induced changes of serum biomarkers rapidly (within 30 minutes to 1 hour) after preconditioning, 21 we compared cubital vein blood components before and 1 hour after RIPC using the quantitative protein chip to identify the biomarkers altered by RIPC. According to previous studies of RIPC in animal models, 9, 17, 18 30 biomarkers were chosen on the basis of their previously Abbreviations: BDNF = brain-derived neurotrophic factor; β-NGF = beta-nerve growth factor; CNTF = ciliary neurotrophic factor; CRP = C-reactive protein; EOT = eotaxin; Fas = tumor necrosis factor receptor superfamily member 6; GDNF = glial cell line-derived neurotrophic factor; GM-CSF = granulocyte-macrophage colony-stimulating factor; IFN-γ = interferon-γ; IL = interleukin; LIF = leukemia inhibitory factor; MCP-1 = monocyte chemotactic protein-1; MIP-1β = macrophage inflammatory protein-1β; MMP = matrix metalloproteinase; RIPC = remote ischemic preconditioning; TARC = thymus and activation-regulated chemokine; TGF-β1 = transforming growth factor-β1; TIMP-1 = tissue inhibitor of metalloproteinases-1; TNF-α = tumor necrosis factor-α; VEGF-A = vascular endothelial growth factor A.
reported neuroprotective function or their regulation of inflammatory responses. The reasons why each biomarker was chosen are listed in table 1. The 5 neuroprotective factors included brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor (GDNF), β-nerve growth factor, ciliary neurotrophic factor, and vascular endothelial growth factor-A (VEGF-A; also a potent vasoactive factor). The 25 inflammation-related biomarkers included interleukin (IL)-1α, IL-1β, IL-4, IL-6, IL-8, IL-18, IL-10, interferon-γ, monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory protein-1β, matrix metalloproteinase (MMP)-2 , MMP-3, MMP-9, tissue inhibitor of metalloproteinases-1 (TIMP-1), tumor necrosis factor-α (TNF-α), transforming growth factor-β1 (TGF-β1), adiponectin, C-reactive protein, granulocyte-macrophage colony-stimulating factor, eotaxin (EOT), EOT-2, EOT-3, adiponectin, tumor necrosis factor receptor superfamily member 6, leukemia inhibitory factor (LIF), and thymus and activation-regulated chemokine.
Statistical analysis
The data were analyzed with the Statistical Program for Social Sciences, version 22.0 (SPSS; IBM, West Grove, PA). Continuous variables were described as mean ± SD or median (interquartile range), depending on the distribution of the variable. The Shapiro-Wilk test was used to test the normality of data. A paired t test was used to compare the difference between the 2 groups if they were in normal distributions. Alternatively, the Wilcoxon signed-rank test was used if the data distribution was not normal. Categorical variables were described as absolute values and percentages. To compare PD, gain, mean arterial pressure, and heart rate between RIPC and different time points, a mixed linear model for repeated measurements was used. Both of the 2 factors (RIPC and time) that were included in the mixed linear model were considered to be the factor of repeated measurement. Multiple biomarkers were compared between baseline and 1 hour after RIPC, so Bonferroni correction for multiple comparison between groups was applied. The adjusted p value was obtained by multiplying the crude p value by the number of multiple comparisons (6 times). All tests were 2 tailed, and values of p < 0.05 were considered statistically significant.
Data availability
The deidentified data generated and analyzed in the current study will be available and shared by request from any qualified investigator for purposes of replicating procedures and results.
Results
Fifty-eight healthy adult volunteers were assessed for eligibility, and 8 volunteers who did not meet the inclusion criteria or declined to participate were excluded. In the current study, we enrolled 50 healthy adults (age 34.54 ± 12.01 years, 22 men [44%], all Asian). Data from 2 participants were excluded due to low coherence. Thus, the study included 48 participants in total for dCA analysis. A summary of the mixed linear model for PD, gain, mean arterial pressure, and heart rate measurements across intervention and time points is presented in table 2. Mean arterial pressure and heart rate of serial measurements are presented in table 3 and figure 2.
Dynamic cerebral autoregulation
The mixed linear model identified the highly significant effects of intervention (p = 0.0006) and time points (p = 0.0024) on PD but did not identify the interaction effect of them (p = 0.4836) (table 2) . Compared with the PD values at the same time points on the control day and RIPC day, the PD was not significantly altered within 3 hours after RIPC. However, the PD value significantly increased starting from 6 hours after RIPC, and the increase was sustained for at least 18 hours until 24 hours after RIPC (table 3 and figure 2 ). The gain did not differ significantly between the control day and the RIPC day across all study time points.
Blood biomarkers Neuroprotective factors
One hour after RIPC, VEGF-A and GDNF in venous blood serum increased significantly compared to their baseline levels (figures 3 and 4A). BDNF, ciliary neurotrophic factor, and β-nerve growth factor in venous blood serum at 1 hour after RIPC were not significantly different from their baseline levels (figure 3). Inflammation-related biomarkers
One hour after RIPC, the levels of TGF-β1, LIF, MMP-9, and TIMP-1 were significantly higher than the baseline levels of these biomarkers (figures 3 and 4B). In contrast, the level of MCP-1 was significantly lower than the baseline level (figures 3 and 4B).
The IL-1α, IL-1β, IL-4, IL-6, IL-8, IL-10, IL-18, interferon-γ, macrophage inflammatory protein-1β, MMP-2, MMP-3, TNF-α, C-reactive protein, granulocyte-macrophage colonystimulating factor, adiponectin, EOT, EOT-2, EOT-3, tumor necrosis factor receptor superfamily member 6, thymus and activation-regulated chemokine, and MMP-9/TIMP-1 ratio levels in venous blood serum at 1 hour after RIPC were not significantly different from their baseline levels ( figure 3 ).
Discussion
In the present study, we found that after RIPC dCA improved from 6 to 24 hours after the intervention in healthy adults. RIPC was also associated with changes in some neuroprotective and inflammation-related biomarkers in blood. The increased dCA and altered blood biomarkers may contribute at least partially to the beneficial effects of RIPC on cerebrovascular function.
Previous studies suggested that RIPC can protect the target organ or tissue by inducing ischemic tolerance, which includes early ischemic tolerance (from 30 to 60 minutes after RIPC), 21 intermediate tolerance (12 hours after RIPC), 22 and delayed ischemic tolerance (from 24 hours after RIPC and lasts for days). 18 In our study, we found that dCA was not immediately modulated by RIPC (no significant changes within 3 hours after RIPC) but started to elevate significantly from 6 hours after RIPC, implying that the intermediate tolerance after RIPC may be earlier than previously noted.
Several previous studies have reported that RIPC can induce, for example, adenosine, 13 bradykinin, 1 and nitric oxide or nitrite.
14 Many of these substances are vasoactive and, when carried to the brain, could regulate dCA by changing the diameter of microcerebral arteries. 16 In the current study, we found that a series of additional blood biomarkers were regulated by RIPC, which might also positively regulate the dCA function. For example, we found that the level of circulating VEGF-A increased significantly 1 hour after RIPC. VEGF-A, a potent vasodilator and proangiogenic factor, 23 has been reported not only to induce neuroprotection directly in ischemic disorders but also to improve dCA through hypoxiainducible transcription factor-1-mediated pathways. 24 In addition, GDNF can act upstream of VEGF 25 and hence may improve dCA by enhancing the VEGF signaling pathways. 26 Further studies are warranted to dissect the relative contributions of these biomarkers to improved dCA after RIPC.
Neuroprotection is an important function of RIPC in animal and clinical studies. 9, 17, 18, 27 In our study, we found that the neurotrophic factor GDNF was significantly elevated after RIPC. This factor can directly provide neuroprotection not only in cerebrovascular diseases such as stroke and subarachnoid hemorrhage 28 but also in other neuropathy such as Parkinson disease and epilepsy. 29 These results suggest that RIPC induces neuroprotective biomarkers in humans and may be beneficial in the prevention of various neurologic diseases.
Previous studies have reported that RIPC results in the release of proinflammatory and anti-inflammatory cytokines and chemokines that orchestrate the neuroinflammatory response, resolution of inflammation, and transition to neurologic recovery and regeneration. 9, 17, 30 In our study, we found that the TGF-β1, LIF, MMP-9, TIMP-1, and MCP-1 levels were significantly changed compared to their baseline levels. Among these biomarkers, both anti-inflammatory biomarkers (TGF-β1, LIF, and TIMP-1) and a proinflammatory factor (MMP-9) underwent significant changes. Similar to our study, previous studies have shown differential regulation of inflammationrelated factors by RIPC. For example, a study found that the serum level of macrophage migration inhibitory factor was increased, whereas no difference was found in IL-6, IL-8, and IL-10 serum levels between the RIPC group and a control group in patients undergoing cardiac surgery. 31 Another study reported increased blood levels of TNF-α, IL-6, IL-8, and IL-10 in 5 healthy volunteers after RIPC. 32 TNF-α and IL-6 play major roles in initiating and amplifying the postischemic inflammatory response, whereas IL-10 is mainly an antiinflammatory factor. 33 Thus, these studies and our own indicate an effect of RIPC on the inflammatory profile, although there are some differences in biomarkers tested and affected; differences in experimental protocols and measurement points may explain some variations in results. However, it must be pointed out that whether a factor participates in the proinflammatory function or anti-inflammatory function is cell and tissue context dependent. The changes of the aforementioned inflammation-related biomarkers in our study could explain the effect of RIPC on inflammatory regulation; however, we do not currently know how these factors regulate the inflammatory system. The exact roles and mechanisms of these (or other) factors in the regulation of dCA need further study. Further evaluation is required to determine whether the overall effects of these inflammation-related biomarkers are beneficial to cerebrovascular diseases.
In this study, we found that RIPC increased the blood level of TIMP-1 significantly. TIMP-1 is an endogenous inhibitor of MMP-9, which is related to tissue remodeling and inflammation. TIMP-1 has been reported to protect the bloodbrain barrier and to play an important role in ischemic stroke. 34 However, we also found an increased level of MMP-9 after RIPC. A previous study suggested that MMP-9 levels and the MMP-9/TIMP-1 ratio in serum are related to brain edema after acute cerebral infarction. 35 However, we did not find a significant change in this ratio after RIPC.
Neuronal, humoral, and immunologic mediators may all play roles in the transduction of protective signals generated from limbs to the targeted organs. 1, 7, 9 A previous review suggested that both early ischemic tolerance and delayed ischemic tolerance induced the attenuation or prevention of ischemic injury. 18 RIPC is associated with both local and systemic mechanisms (i.e., circulating hormones, cytokines, and growth factors) that contribute to improvement in vascular function or structure of targeted organs. It was rational that the biomarkers were produced in the preconditioning location and then transported by the circulatory system to the brain and thus affect the function of the cerebrovasculature directly or indirectly (humoral signal transduction). 1 It is worth noting that these biomarkers have various half-lives in blood, ranging from minutes to several days. In addition, the time it takes their biological effects to occur varies substantially. For example, the vessel genesis effects of VEGF-A would be quite long (weeks), while the neuroprotective effects of BDNF would be quite limited in time, occurring quickly over days. Further studies are needed to determine the temporal profiles of each biomarkers in blood and to clarify how these biomarkers contribute to the improved dCA. Figure 3 Heat map of quantitative protein chip of 30 biomarkers Adip = adiponectin; BDNF = brain-derived neurotrophic factor; β-NGF = β-nerve growth factor; CNTF = ciliary neurotrophic factor; CRP = C-reactive protein; EOT = eotaxin; Fas = tumor necrosis factor receptor superfamily member 6; GDNF = glial cell line-derived neurotrophic factor; GM-CSF = granulocytemacrophage colony-stimulating factor; IFN-γ= interferon-γ; IL = interleukin; LIF = leukemia inhibitory factor; MCP-1 = monocyte chemotactic protein-1; MIP-1β = macrophage inflammatory protein-1β; MMP, matrix metalloproteinase; NX = blood sample number; RIPC = remote ischemic preconditioning; TARC = thymus and activation-regulated chemokine; TGF-β1= transforming growth factor-β1; TIMP-1 = tissue inhibitor of metalloproteinases-1; TNF-α= tumor necrosis factor-α; VEGF-A = vascular endothelial growth factor A.
Circadian rhythm changes mean arterial pressure over the course of a day. 36 In our study, it was interesting to find that RIPC seemed to have an effect on the circadian rhythm of mean arterial pressure, which was significantly stabilized by RIPC. Future studies are needed to explore the underlying mechanism and potential applications.
We found that after RIPC the levels of 2 neuroprotective factors and several inflammation-related biomarkers in serum increased significantly compared to the baseline levels in healthy participants. Thus, in the future, we can choose more biomarkers that are related to neuroprotection and inflammation to study RIPC. Furthermore, it will be worth investigating other biomarkers that are related to these biomarkers identified or factors/pathways that act upstream and downstream of these biomarkers to further elucidate the mechanism of RIPC. In the current study, we collected and analyzed only serum samples. Other biological samples, including brain parenchyma, urine, and the expression and genomic data in different individuals or in animals, would further elaborate the mechanism of RIPC in dCA improvement. Besides, it would be important in the future to investigate whether these benefits are still apparent at time points consistent with other stroke studies, including 30 days, 90 days, and 1 year.
We acknowledge limitations in this study. First, we could not collect blood samples at multiple time points due to difficulties of obtaining the consent of participants and approval of the ethics committee. In the present study, we chose 1 hour after RIPC as the measurement time point of blood sample collection on the basis of previous studies in which serum levels of proteins were altered during or rapidly after RIPC. 3 Although it is possible that normal circadian fluctuations may account for the differences in serum biomarker levels, we firmly believe that the changes of serum biomarkers between baseline and 1 hour after RIPC can be attributed to the RIPC on the basis of numerous previous studies that have demonstrated that RIPC could rapidly induce changes in the levels of hundreds of serum proteins, including the biomarkers measured in our study. 3 Further research into the related biomarker concentrations at longer time points such as 6 and 12 hours and their dynamic changes is needed. The second limitation of this study was that the sample size was relatively small and the participants were healthy adults. With the results from this study, we can safely conclude only that the present conclusion is applicable to healthy adults without the conditions described in the Methods. More significantly, it is necessary to investigate whether RIPC can also improve dCA in patients with various cerebrovascular and neurologic diseases such as ischemic stroke, depression, anxiety disorders, and migraine.
Overall, our results suggested that RIPC improves dCA from at least 6 to 24 hours after RIPC in healthy adults and that RIPC plays neuroprotective and inflammation regulatory roles in humans by altering various blood biomarkers. Our study provides evidence of RIPC inducing neuroprotection and a new approach to improve the cerebrovascular function in terms of dCA.
